The genetic heterogeneity of the close relatives Vibrio anguillarum and Vibrio ordalii, both serious pathogens of fish causing extensive losses in aquaculture, was studied. Eight housekeeping genes, i.e., atpA, ftsZ, gapA, gyrB, mreB, rpoA, topA, and pyrH, were partially sequenced in 116 isolates from diverse fish species and geographical areas. The eight genes appear to be under purifying selection, and the genetic diversity in the total data set was estimated to be 0.767 ؎ 0.026. Our multilocus sequence analysis (MLSA) scheme identified several widespread clonal complexes and resolved the isolates, for the most part, according to serotype. Serotype O2b isolates from diseased cod in Norway, Ireland, and Scotland were found to be extremely homogeneous.
V ibriosis, i.e., systemic infection with either Vibrio anguillarum or Vibrio ordalii (1) , probably constitutes the most significant bacterial disease of wild and farmed fish in temperate marine environments worldwide. While 23 different serotypes of V. anguillarum have been identified (2) , by far the majority of fish-pathogenic isolates belong to serotypes O1 and O2. In addition, strains not corresponding to known serotypes are commonly identified, mainly from environmental sources (3) . Despite considerable phenotypic differences, V. ordalii and V. anguillarum are genetically very closely related (4); V. ordalii was initially characterized as V. anguillarum biotype 2, prior to its description as an independent species (1) .
Vibriosis was previously a significant problem in salmonid farming in the North Atlantic area, but its impact in this industry has been drastically reduced due to the development of effective vaccination procedures (3) . Despite vaccination, vibriosis caused by V. anguillarum and, to a lesser degree, V. ordalii remains a major problem in the relatively novel marine fish (e.g., cod and cleaner fish) farming industries in Norway (5), Ireland (6) , and Scotland (7) . The disease also remains a significant problem in farmed fish in Europe and Asia (8) . In order to facilitate vaccine development and better understanding of the epidemiology of vibriosis, more information on the population structure is needed. Despite a considerable number of studies focusing on phenotypic (9, 10) , serotypic (11) (12) (13) (14) , and genetic (15) variations among strains of fish-pathogenic V. anguillarum, few studies have performed detailed taxonomic analyses of both V. ordalii and V. anguillarum. None of the previous genus-wide studies addressing the phylogeny of vibrios (16) (17) (18) (19) (20) included significant numbers of V. anguillarum/V. ordalii isolates.
Multilocus sequence analysis (MLSA), relying on essentially unequivocal sequence information from several genetic loci, addresses most of the shortfalls associated with PCR-based DNA fingerprinting or single-gene phylogenetic studies. MLSA has the advantage of being portable, reproducible, and taxonomically sound, allowing the precise identification and classification of Vibrio isolates. Therefore, the main aim of the current study was to perform MLSA with a large number of V. anguillarum and V. ordalii isolates representing different geographical locations and fish species, to improve our knowledge of the population structure within and between these closely related fish-pathogenic species.
MATERIALS AND METHODS
Strains, serotyping, and culture conditions. A total of 103 V. anguillarum isolates of diverse serotypes and 13 isolates previously identified as V. ordalii, from different geographical regions, environments, and fish hosts (Tables 1 and 2 ), were analyzed by MLSA. Isolates available for testing were identified to the species level using standard phenotypic and biochemical tests (21) . Essentially, both species were identified as Gramnegative, highly motile, oxidase-and catalase-positive, short, curved rods, which produced acid from glucose both aerobically and anaerobically and were sensitive to vibriostatic agent 0/129. V. anguillarum and V. ordalii were differentiated primarily by the former's ability to produce arginine dihydrolase and the latter's markedly slower growth and lack of hemolysis in blood agar cultures. All V. anguillarum isolates of unknown serotype were tested with the slide agglutination method, as described by Sørensen and Larsen (11), using antisera raised against V. anguillarum serotype O1 (isolated from Atlantic salmon), serotype O2a (isolated from Atlantic salmon), and serotype O2b (isolated from turbot). V. ordalii isolates were not serotyped. Isolates donated to the present study were not reserotyped. All strains were cultured on blood agar at 22°C for 48 h prior to DNA extraction and were maintained at Ϫ80°C.
Selection of housekeeping gene loci and primer design. Housekeeping genes were selected based on previous reports of orthologous genes used for Vibrio MLSA (17, 18) . Eight gene loci were investigated, and primers were either retrieved from previous studies or designed using Vector NTI 11 (Invitrogen), as part of this study. Specific primer sets for atpA, ftsZ, gapA, mreB, rpoA, and topA were designed based on publicly available sequences for V. anguillarum LMG4437 retrieved from GenBank (GenBank accession numbers EF601227, DQ907334, DQ907275, DQ907406, AJ842561, and DQ907471, respectively). For gyrB, previously published primers were used (5). For pyrH, new specific primers were designed from a sequence obtained from V. anguillarum ATCC 43312, following sequencing of amplicons generated using the degenerate Vibrio primers from a previous study (17) . A summary of all gene loci and corresponding primer sets is presented in Table 3 .
DNA isolation, PCR amplification, and sequencing. Bacterial genomic DNA was extracted using NucliSENS easyMAG (bioMérieux), according to the manufacturer's instructions. Standard 50-l PCRs were performed with 1.25 U Taq DNA polymerase, ThermoPol buffer (New England BioLabs), and gene-specific primer sets for the eight housekeeping genes (Table 3) . The thermal program consisted of an initial 5-min step at 94°C, 30 cycles of 30 s at 94°C, 30 s at 52°C, and 0.5 to 1 min at 72°C (depending on amplicon length), and a final 7-min step at 72°C. PCR products were purified using a Nucleospin Extract II kit (Macherey-Nagel, Germany), following the manufacturer's instructions. Standard 10-l sequencing PCRs were performed according to the manual for the DYEnamic dye terminator cycle sequencing kit (Amersham Biosciences). The resulting PCR products for sequencing were purified using the DYE terminator removal kit (ABgene) and sequenced on a MegaBACE 1000 sequencing instrument (Amersham Biosciences).
MLSA and eBURST population snapshot construction. Raw sequence data were assembled and edited primarily using Vector NTI 11 (Invitrogen). The resulting consensus sequences were aligned in Bioedit (version 7.0.5), utilizing the ClustalX algorithm (22, 23) . The concatenated sequences were constructed by joining individual gene sequences, trimmed to the correct reading frame, head to tail alphabetically using Sequence Matrix 1.7.8 software (24) . Concatenated sequences were 5,208 bp and consisted of atpA (1,038 bp), ftsZ (456 bp), gapA (483 bp), gyrB (936 bp), mreB (543 bp), pyrH (513 bp), rpoA (801 bp), and topA (438 bp). Allele types (ATs) and haplotypes (HTs) were then assigned with an Excel (Microsoft)-based AT and HT generator developed in house (see Table S1 in the supplemental material). After the assignment of HTs, clonal complexes (CCs) were identified using eBURST 3.7 (25) . The predicted ancestral genotype (founder) for each CC was defined as the HT with the greatest number of single-locus variants (SLVs). Major CCs, with three or more HTs, were named according to the HT of the predicted founder, while minor CCs were named after the most represented HT or the HT with the lowest numbering. HTs that did not belong to any CC are referred to as singletons. Clonal relationships were examined using stringent settings (i.e., minimum of 7 shared alleles), and bootstrapping (n ϭ 100,000) was performed to evaluate model robustness. A maximum-parsimony network, reconstructing the phylogenetic relationships among HTs, was generated with Network 4.6 software (Fluxus Engineering). The median joining algorithm was used (26) , with transversions and transitions being equally weighted. A codon-based Z-test of selection and all pairwise distance computations were performed with MEGA6 software (27) .
Population genetics, phylogenetic analysis, and DDH calculations. Phylogenetic analysis of concatenated gene sequences was conducted using PhyML (version 3.0) (28), implementing maximum likelihood (ML) analysis using the general time reversible (GTR) base substitution model. This substitution model was identified as the best fit using jModeltest 2.1.7 software (29, 30) . Branch support was calculated with the approximate likelihood ratio test (aLRT) Shimodaira-Hasegawa (SH)-like fast likelihood method. Genetic diversity (H) and the level of linkage disequilibrium (nonrandom association) between ATs at the eight MLSA loci were investigated with the standardized index of association (I S A ), using LIAN 3.7 (31) . Three main data sets were tested, i.e., the whole population, single HT representatives (44 HTs), and finally CC founder sequence types (STs) together with singleton HTs (30 HTs), as well as minor data sets, based on the origin of the isolates. A network representation of the evolutionary relationships between HTs was constructed with concatenated sequences using the SplitsTree4 neighbor-net algorithm (32), applying the uncorrected P method (default settings). Recombination within each HT was estimated by the pairwise homoplasy index (PHI) test implemented in SplitsTree4. Intergenomic distances and DNA-DNA hybridization (DDH) estimates between homologous regions of the wellcharacterized V. anguillarum 775 genome (4, 33) and 10 other full-genome-sequenced V. anguillarum and putative V. ordalii strains (Table 2) were calculated with GGDC 2.0 software (34) . Accession number(s). All partial gene sequences obtained during the present study were submitted to GenBank, with the following accession numbers: atpA, KU754602 to KU754707; ftsZ, KU754708 to KU754813; gapA, KU754814 to KU754919; gyrB, KU754920 to KU755025; mreB, KU755026 to KU755131; pyrH, KU755132 to KU755237; rpoA, KU755238 to KU755343; topA, KU755344 to KU755449.
RESULTS
Partial sequences were obtained for eight protein-encoding genes (atpA, ftsZ, gapA, gyrB, mreB, topA, rpoA, and pyrH) from 103 V. anguillarum isolates and 13 isolates previously identified as V. ordalii. A codon-based Z-test of selection indicated that all genes were under purifying selection and thereby suitable for MLSA (Table 3 ). The Pacific (American and Chilean) V. ordalii isolates, all isolated from fish, clustered separately and apart from the main V. anguillarum clade in the maximum likelihood (ML) phylogenetic tree reconstruction (Fig. 1 , far right cluster in red oval). While the Norwegian fish-pathogenic isolates putatively identified as Vibrio ordalii appeared to represent an earlier branch of the same lineage (Fig. 1, left cluster in red oval) , the Pacific environmental (putative) V. ordalii isolates were spread around the main V. anguillarum cluster (Fig. 1, green oval) , with the exception of FF167, which was closer to V. anguillarum but was placed basally within the fish-pathogenic V. ordalii lineage (Fig. 1, Fig. S1 in the supplemental material). Seven singletons (HT1, HT3, HT14, HT22, HT30, HT31, and HT41) were represented by more than one isolate, with the largest (HT3) containing 18 isolates. The majority of the isolates (11 isolates) within HT3 originated from Norwegian turbot, salmonids, and gadoids, while some of the remaining 7 isolates originated from European seabass, brown trout, and a sediment sample (Turkey, United Kingdom, and Denmark). Three of the five identified CCs contained more than 10 isolates. The predominant clonal complex, CC-HT4, included 7 HTs, consisting of 22 isolates, with the predicted founder being HT4. Eight of the 16 isolates in HT4 were isolated from salmonids (Norway, Denmark, Sweden, and the United States), while the remainder were isolated from other fish species (not including Gadidae) in other countries (Turkey, Spain, Japan, Australia, and China). The second major clonal complex, CC-HT2, included 3 HTs and 25 isolates, with HT2 being its predicted founder. In comparison with CC-HT4, CC-HT2 was a much more homogeneous group, with all isolates originating from Norwegian, Irish, and Scottish Gadidae. The third clonal complex, CC-HT28, was made up of 3 HTs containing 10 isolates, with HT29 as the predicted founder. This group was also homogeneous, with 9 of 10 isolates originating from Norwegian gadoids and a single isolate originating from Norwegian Atlantic salmon. The two minor groups, CC-HT20 and CC-HT24, included only 2 HTs each, with 2 or 3 isolates, respectively, and neither had a predicted founder.
The genetic diversity (H) in the total data set (5,208 bp from each of 116 isolates) was estimated to be 0.767 Ϯ 0.026 (Table 4) . The standardized index of association (I S A ) for the whole population was estimated to be 0.506, which differed significantly from zero (P Ͻ 0.05); therefore, the null hypothesis of linkage equilibrium was rejected. When overrepresentation of particular haplotypes was avoided by restricting the analysis to single representatives of the 44 HTs, the I S A value decreased to 0.281 (P Ͻ 0.05). When the analysis was further limited to include only CC founders plus all singletons (27 isolates), the I S A value was 0.097, closer to linkage equilibrium, but it remained significantly different from zero (P Ͻ 0.05). When results were sorted by geographical origin, the greatest variation in haplotypes per number of isolates, i.e., 12 HTs/20 isolates (H ϭ 0.815 Ϯ 0.022), was found in the Pacific group (United States, Chile, Japan, and China) ( Table 4) . When results were sorted by isolation source, the greatest variations in haplotypes per number of isolates, i.e., 9 HTs/11 isolates (H ϭ 0.909 Ϯ 0.030), were found among the environmental isolates (including seawater, sediment, and rotifers) and in the nongadoid nonsalmonid group, with 11 HTs/19 isolates (H ϭ 0.551 Ϯ 0.067).
The haplotype network construction revealed that fish diseaserelated isolates of Vibrio ordalii from Chile and the United States and the isolates from Norway that shared several phenotypic traits with V. ordalii represented distinct populations (HT24, HT25, HT30, and HT31) (Fig. 2) . Furthermore, the five environmental isolates from the United States previously considered to represent V. ordalii (HT41, HT42, HT43, and HT44) represented disparate isolates. V. anguillarum isolates from the United States (HT4, HT39, and HT40) grouped with isolates from other countries, including five closely related isolates from Turkey (HT15, HT16, HT17, HT18, and HT19). Three isolates from Greece also constituted a distinct group (HT20 and HT21) .
The PHI test in SplitsTree4 identified statistically significant evidence of recombination among isolates included in the present study. The reticulate structure (see Fig. S2 in the supplemental material) is consistent with such recombination events in the evolutionary history of all studied isolates.
The intergenomic distances and DNA-DNA hybridization (DDH) estimates between V. anguillarum 775 and other full-genome-sequenced V. anguillarum strains (four strains) and putative V. ordalii strains, as well as the V. ordalii type strain (six strains), were calculated (Table 5) . Of the V. anguillarum strains studied, RV2 displayed the greatest intergenomic distance to V. anguillarum 775 (distance, 0.0171). V. ordalii NCIMB 2167 T (clinical isolate) showed the greatest intergenomic distance to V. anguillarum 775 (distance, 0.0428). The intergenomic distances to the five environmental putative V. ordalii isolates were less (distances, 0.0136 to 0.0234) and similar to the intergenomic distances to bona fide V. anguillarum strains (distances, 0.0012 to 0.0171). The calculated DDH value for V. anguillarum 775 versus V. ordalii NCIMB 2167 T was 65.4 Ϯ 2.9% (species delineation norms are defined as DDH values of Ͼ70%) (34). It is noteworthy that the calculated DDH values for the only environmental putative V. ordalii isolate, FF167, which groups with clinical isolates from fish, versus V. ordalii NCIMB 2167 T and V. anguillarum 775 were 69.3 Ϯ 3.0% and 80.0 Ϯ 2.8%, respectively.
DISCUSSION
The present study represents a multigene analysis of a substantial number of V. anguillarum and V. ordalii isolates. Examination of phylogenetic trees and networks ( Fig. 1 and 2 ; also see Fig. S2 in the supplemental material) based on concatenated sequences revealed a high degree of sequence conservation among pathogenic V. anguillarum serotype O1 isolates from around the world. Norwegian V. anguillarum isolates showed relatively great diversity (13 haplotypes), but Danish isolates showed the greatest diversity of the study, compared to the number of isolates (12 haplotypes) (Fig. 2) . Interestingly, most of the Turkish (non-O1/O2a/O2b) isolates were either identical or highly similar in sequence to serotype O1 isolates. Only one distinct serotype/haplotype-host relationship was identified, i.e., serotype O2b was isolated exclusively from gadoid fish from diverse geographical origins in the North Atlantic area. Twenty-three of the 25 serotype O2b isolates that were isolated from gadoids between 1979 and 2008 possessed identical sequences for all eight loci. Our results showed that many V. anguillarum isolates collected internationally grouped together in three main clonal complexes (see Fig. S1 in the supplemental material). The distribution of haplotypes versus serotypes (see Fig.  S2 ) is consistent with relatively frequent horizontal gene transfer within this group of bacteria. For example, HT3 isolates occurred in four different O2 serotypes (O2a, O2aII, O2b, and O2c), while the O2a serotype occurred in three more distantly related haplotypes (HT1, HT26, and HT38), in addition to HT3. According to Jedani et al. (35) , V. anguillarum serotype O2 isolates have several intact insertion sequences that may have the potential to move or shuffle genes, thus creating new O-antigen/capsule specificities within Vibrionaceae.
MLSA-based DNA similarities for all eight genes in all isolates were between 97.5 and 99.0%, with the exception of ftsZ (Ն95%), and were well above the 95% threshold for Vibrio species differentiation proposed by Sawabe et al. (36) . However, the calculated DDH value for V. ordalii NCIMB 2167 T versus V. anguillarum 775 of 65.4%, which agrees well with the original DDH estimates of 53% to 67% reported by Schiewe et al. and Thompson et al. (1, 37) , clearly suggests that these two strains represent separate bacterial species. The GGDC 2.0 software calculations are independent of genome size, provide results directly comparable to wetlaboratory DDH results, and have been shown to correlate better with DDH results than the more commonly used average nucleotide identity (ANI) method (34 these two species/strains and that fish-pathogenic V. ordalii may be evolving toward an endosymbiotic lifestyle. The sequences retrieved from public databases for five putative V. ordalii isolates originating from seawater revealed intermediate-size genomes, genetically considerably closer (by MLSA and DDH analysis) to V. anguillarum 775 than the fish-pathogenic V. ordalii isolates. It is not clear from the available literature whether these environmental isolates are phenotypically consistent with V. ordalii (38, 39) . With the exception of isolate FF167, the isolates show no relationship to the V. ordalii reference strain but are spread inside the V.
anguillarum clade (Fig. 1) , which clearly indicates that these isolates represent V. anguillarum. The precise taxonomic situation for the environmental isolate FF167 and the Atlantic cod pathogens NVI 5286 and NVI 5918 is unclear, as the latter two isolates display several phenotypic traits consistent with V. ordalii and appear very closely related to V. anguillarum by ML analysis but are situated at the base of the V. ordalii lineage. Intergenomic distances and in silico DDH values of 80.0% and 69.3% for FF167 versus V. anguillarum 775 and V. ordalii NCIMB 2167 T , respectively, indicate that putative V. ordalii strain FF167 is closer to V.
FIG 2 Eight-locus haplotype (H) network based on allelic profiles of the 116
Vibrio anguillarum-related isolates investigated in the present study. Circle size is proportional to haplotype frequency, and the colors represent the different geographical origins of the haplotypes. The distances between haplotypes are proportional to the number of mutational steps. More details on the haplotypes can be found in Table S1 in the supplemental material. a Calculations were performed using GGDC 2.0 software. b Probability that the differences represent species and/or subspecies delineation.
anguillarum 775 than V. ordalii NCIMB 2167 T . It should be noted, however, that the distance to V. anguillarum type strain NCIMB 6 could not be calculated, as there is no full-genome sequence available for that isolate. Interestingly, FF167 has the smallest genome of the five environmental isolates and is also the only one to possess a full complement of biofilm-associated syp genes (data not shown), which were previously suggested to be species specific and present in V. ordalii NCIMB 2167 T but not in V. anguillarum 775 (4). These genes may represent genetic markers for phenotypic and epidemiological separation of V. ordalii linage members from V. anguillarum isolates.
In conclusion, the described MLSA largely resolved V. anguillarum isolates according to serotype. V. anguillarum serotype O1 and O2b isolates associated with disease in fish displayed a high degree of sequence conservation, as expected. Taken together, the phylogenetic relationships revealed by MLSA, DNA similarity values, and DDH estimates do not justify incorporation of V. ordalii within the species V. anguillarum. Further study of larger numbers of North Atlantic fish-pathogenic isolates that share several phenotypic traits with V. ordalii are warranted.
